A number of previous studies have implied that three herpes simplex virus-encoded nuclear transactivator proteins, IE175 (ICP4), IE110 (ICP0), and IE63 (ICP27), may cooperate in transcriptional and posttranscriptional stimulation of viral gene expression. Using double-label immunofluorescence assays (IFA) in transient expression assays, we have examined the intracellular localization of these three proteins in DNA-transfected cells. The IE110 protein on its own forms spherical punctate domains within the nucleus, whereas the IE175 and IE63 proteins alone give uniform and speckled diffuse patterns, respectively. In infected cells, the IE110 punctate granules have been shown to correspond to novel preexisting subnuclear structures referred to as ND10 domains or PODs that contain a variety of cellular proteins, including SP100 and the PML proto-oncogene product. Cotransfection experiments with wild-type nuclear forms of both IE175 and IE110 provided direct evidence for partial redistribution of IE175 into the same punctate granules that contained IE110. Surprisingly, nuclear forms of IE110 were found to move a cytoplasmic form of IE175 into nuclear punctate structures, and a cytoplasmic form of IE110 was able to retain nuclear forms of IE175 in cytoplasmic punctate structures. Therefore, the punctate characteristic of IE110 appeared to both dominate the interactions and override the normal nuclear localization signals. The domains responsible for the interaction mapped to between codons 518 and 768 in IE110 and to between codons 835 and 1029 in IE175. Importantly, a truncated nuclear form of the 1,298-amino-acid IE175 protein, which lacked the C-terminal domain beyond codon 834, was found to be excluded from the IE110 punctate granules. Cotransfection of nuclear or cytoplasmic IE110 with a truncated nuclear form of IE63 also led to partial redistribution of IE63 into either nuclear or cytoplasmic punctate granules containing IE110. Both the IE63-IE110 and IE175-IE110 colocalization interactions were demonstrated in Vero cells but not in 293 cells. Consequently, they differ from IE110 self-interactions, which correlate with in vitro dimerization and occur efficiently in both cell types. These interactions may help to explain the altered promoter target specificity and synergism observed when IE175 is cotransfected with IE110 in transactivation studies.
Herpes simplex virus (HSV) encodes four immediate-early (IE) nuclear phosphoproteins that contribute to establishment of the full productive lytic cycle cascade in newly infected permissive cells. Two of these proteins, IE175 (or ICP4) and IE63 (or ICP27), fulfill essential regulatory roles during progression of the lytic cycle (14, 57, 67, 69, 76) , whereas a third, IE110 (or ICP0), plays only an accessory role in the lytic cycle in cell culture in the presence of VP16 (68, 73) but appears to be critical for initiation of reactivated infections from the latent state in the absence of VP16 (7, 28, 33, 66, 81) . The fourth IE protein, IE68 (or ICP22), is important in some primary cell types, but otherwise little is known about its role (60) . The promoters for all four of these IE proteins contain multiple OCT/TAATGARAT-type binding motifs (3) that normally mediate strong positive responses to the virion transcription factor VP16 in newly infected cells (reviewed in references 29 and 50) . However, all four promoters also have sufficiently high basal-level activity to permit direct expression of the isolated genes in transient DNA transfection assays (17, 24, 46, 51, 53, 61) .
IE175 behaves as a relatively specific transcriptional transactivator of viral delayed-early (DE) promoters in transient cotransfection assays (17, 19, 24, 51, 57, 61) , and viruses that have deletions or temperature-sensitive mutations in this gene fail to synthesize DE mRNA (14, 57, 76) . The IE175 gene encodes a 1,298-amino-acid dimeric DNA-binding protein (23, 45) that recognizes a specific target site near the mRNA initiation point in several viral promoters, including its own, leading to down-regulation or negative autoregulation (29, 49, 65) . IE175-related proteins in all alpha class herpesviruses have two large conserved domains, one a 270-amino-acid N-terminal DNA-binding and dimerization domain (region B) and the other a 500-amino-acid C-terminal domain (region D) of undefined function (39, 40) . A single discrete nuclear localization motif has been mapped to amino acids 723 to 728 (14a, 48, 54) . The mechanism of promoter targeting for transactivation is not understood, and although an N-terminal activator domain has been identified in GAL4 fusion protein assays for both the pseudorabies and varicella-zoster virus versions (35, 56) , no such activator domains have yet been defined for HSV IE175. IE63 appears to act at relatively late stages during infection, with mutant viruses showing relatively few defects at DE times but failing to produce any progeny virions (38, 63, 67, 70, 74) . Homologs of IE63 occur in beta and gamma class herpesviruses (29) , but the Epstein-Barr virus version (BMLF1 or Mta), although it is a powerful transactivator of chloramphenicol acetyltransferase (CAT) reporter genes (34) , is expressed as a DE gene and functions primarily at a posttranscriptional level, with its effects being reporter gene specific (6) . HSV IE63 does not behave as a transactivator of DE-CAT reporter genes on its own (51) , although it has some effects in combination with other transactivators in cotransfection studies (16) . Most attention on the 512-amino-acid IE63 protein in recent years has focused on its potential role in 3Ј mRNA and poly(A) processing, splicing, and mRNA stabilization events (43, 47, 58, 72) . Mutations involved in both the positive and negative modulatory effects of IE63 have been mapped to the Cys-rich C terminus (26, 42, 64) , which contains one of only three small minimally conserved motifs. Recently, an unusual activator domain requiring specific conserved Cys and His residues has been mapped to this location by GAL4 fusion experiments in the varicella-zoster virus homolog (55) .
IE110 also behaves as a transactivator in transient cotransfection assays (17, 24, 51, 61) , although the target promoter specificity for transactivation is very broad (21, 53) . Curiously, as yet there is only a single gene in the virus for which there is any genetic evidence suggesting that it is a functional downstream target of IE110 (15) . That target is the pseudo-IE RRA gene, encoding a product with a protein kinase domain fused to the large subunit of ribonucleotide reductase (12, 79) . Viruses that carry mutations or deletions in IE110 (68, 73) show few defects in cell culture other than small plaques and low yields of infectious virions, especially at a low multiplicity of infection. However, the absence of functional IE110 does appear to have profound effects if infection is accomplished with naked viral DNA in the absence of virion proteins (8) . The apparently nonessential phenotype of IE110 null mutants (7, 9, 10, 68, 73) resembles that of the VP16 transactivator (1) and suggests that there may be two pathways into the lytic cycle, with either VP16 or IE110 being sufficient to initiate the process (29) . The IE110 protein contains a novel RING class zinc finger domain between codons 115 to 185 within exon 2, which is similar to that in a large family of cellular proteins that include the PML oncogene product (22) . IE110 also forms strong stable dimeric and perhaps oligomeric structures in solution through a C-terminal domain mapping between codons 617 and 711 (11) . A short basic nuclear localization motif has been mapped to positions 500 to 507, and the N terminus of IE110 encodes a feature that specifies intranuclear localization within distinctive spherical punctate structures that correspond to phase-dense globules formed in DNA-transfected cells (48) .
During the early stages of HSV infection (up to 6 h postinfection), the IE110 protein also localizes within numerous tiny punctate spots throughout the nucleus, although at later times it becomes both diffuse and cytoplasmic as well. Initially, IE110 transiently colocalizes with a small number of preexisting nuclear punctate structures in the cell that contain cellular proteins referred to as ND10, nuclear dot antigens, or PML oncogenic domains (PODs) (4, 16, 37) . However, after 2 to 3 h, it causes either masking or displacement of these cellular ND10 proteins as well as a large increase in the number of punctate loci. The significance of the ND10 punctate domains in either uninfected or infected cells is not yet known, although these domains are distinct from spliceosome complexes and have been argued to represent transcriptional domains (74, 80) . Their punctate distribution pattern also closely resembles that of PML (30) .
Although IE110 and IE175 can each independently stimulate target thymidine kinase (TK)-CAT activity efficiently in Vero cells, it is evident that IE110 alone cannot do so in DNA-transfected virus-infected cells (14, 19, 76) . In fact, in some transient assays, especially in HeLa cells, both proteins need to be expressed to obtain a synergistic high-level stimulation of the target reporter gene (17, 21, 24, 25, 61) . Furthermore, we have found that the broad target specificity of IE110 on its own in Vero cells is drastically altered when the IE175 effector gene is cotransfected (even in just trace amounts) together with the IE110 gene. Under these circumstances, instead of equal activation of IE175-CAT, TK-CAT, and heterologous A10-CAT reporter gene targets, there was increased specific stimulation of TK-CAT but a corresponding loss of any effect on IE175-CAT or A10-CAT (52, 53, 70a) . Everett also reported a further increase in transactivation of both DE and late viral promoters when IE63 was added together with IE110 and IE175 (18) . Although such assays are complicated by the possibility of effects on each other's promoters, as well as by potential mRNA or protein stabilization effects, they clearly suggest that physical interactions between these proteins may occur with functionally significant results.
Several previous studies have hinted at evidence for such interactions based on alterations in the intracellular location of one protein in the presence of the other (25, 31, 32, 48) . Knipe and Smith (32) first suggested that a temperature-sensitive cytoplasmic version of IE175 could block entry of IE110 into the nucleus. Furthermore, both proteins appeared as large punctate structures that resembled the phase-dense IE110 globules. Gelman and Silverstein (25) also suggested that cotransfection with wild-type IE175 could alter the intracellular distribution pattern of IE110 in HeLa cells from a nuclear punctate pattern to a nuclear diffuse pattern. In contrast, Mullen et al. (48) found that nuclear diffuse IE175 was partially relocalized into nuclear punctate granules after cotransfection with IE110 in Vero cells. This latter type of relocalization did not occur when either the nuclear diffuse IE72 (IE1) protein from human cytomegalovirus or the ICP8 (single-stranded-DNA-binding) protein from HSV was cotransfected with IE110, implying that the phenomenon displays specificity and probably does not involve simple physical trapping (48) . More recently, Zhu et al. (82) have shown that intact forms of IE63 can block the entry of IE110 into the nucleus of infected cells but that the presence of IE175 can overcome this block.
In this report, we have used double-label immunofluorescence assays (IFA) and phase-contrast microscopy of punctate structures in cotransfected cells to provide further evidence that both IE175 and a truncated nuclear form of IE63 can colocalize with IE110 within phase-dense subnuclear compartments. The protein domains mediating this interaction have been mapped to within the C-terminal conserved regions of both IE175 and IE110. In DNA-transfected Vero cells, the characteristic punctate phenotype of IE110, whether cytoplasmic or nuclear, strongly dominated over the diffuse nuclear properties of wild-type IE175 or C-terminally deleted IE63.
(Most of the IE110-IE175 interaction mapping studies described here were included as part of the Ph.D. thesis of Harrigan-Mullen [27] .)
MATERIALS AND METHODS
Expression plasmids. The pXhoI-C effector plasmid containing the intact IE175 gene from HSV-1(KOS) under the control of its own promoter within a VOL. 69, 1995 IE110, IE175, AND IE63 COLOCALIZATION INTERACTIONS 477 9.5-kb viral DNA fragment was described previously (48, 51, 57) . The simian cytomegalovirus (SCMV)/IE175 gene in effector plasmid pGH114, which contains a 5.3-kb SalI-DraI fragment derived from pXhoI-C, was also described previously (24, 48, 65) . The latter contains the intact coding region of IE175 {codons 1 to 1298 [IE(1-1298)]} plus untranslated 5Ј leader sequences downstream of position ϩ178 and all 3Ј transcriptional control elements placed behind the SCMV IE94(Ϫ990/ϩ30) promoter-enhancer region in a pBR322 background. Therefore, pGH114 lacks the IE175 DNA-binding site responsible for negative autoregulation (65) . The large internally deleted cytoplasmic version of IE175, IE175(⌬353-835), in pGH115 was created by deleting between two in-frame StuI sites in pGH114 and inserting a 12-mer BglII linker oligonucleotide (48) . The C-terminal truncation mutants IE175(tm835) and IE175(tm1029) in pGH116, pGH117, and pMM61 were constructed by inserting 14-mer XbaI triple-terminator oligonucleotides at the second or third StuI site and at the single HincII site in pGH114 (48) . Two expression plasmids encoding the intact IE110 gene were used; in these plasmids, the IE110(1-775) coding region was placed under the transcriptional control of its own promoter in effector plasmid pGH92 or under the SCMV IE94 promoter/enhancer region in pGH94 (SCMV/IE110) (48) . In both cases, the IE110 coding cassette consisted of a 4.1-kb BglII-to-KpnI fragment derived from pIGA15 (24, 51) .
The wild-type IE63 effector plasmid used was derived from the 18-kb HSV-1(MP) BamHI-C fragment cloned in pBR322 as pGR215 (62) . A 2.4-kb BamHI-SacI subfragment equivalent to the HSV-1(17) genome sequence from positions 113,335 to 115,741 (36) was inserted into a pUC18 background to create pJM200 encoding the intact IE63(1-512) protein. A 14-bp XbaI tripleterminator oligonucleotide was inserted into the StuI site in pJM200 at position 114,950 to create pJM206, which encodes a C-terminal truncated variant IE63 . Both encompass the intact wild-type IE63 gene from upstream position Ϫ250 to 580 bp downstream from the poly(A) signal motif.
Transient DNA transfection assays and IFA. Short-term DNA transfection of CsCl-purified plasmid DNA by the calcium phosphate-plus-glycerol shock procedure in N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES) or BBS buffer (21) was carried out in Vero or 293 cell monolayers, using 2 g of DNA in each two-well slide chamber or 1 g of DNA in each four-well slide chamber as described by Middleton et al. (46) and Mullen et al. (48) . At 44 h after DNA transfection, the cells were washed in Tris-saline, fixed with absolute methanol (at Ϫ20ЊC), and then incubated with polyclonal antibodies (PAbs) at 1:350 dilutions in Tris-saline followed by fluorescein isothiocyanate (FITC) or rhodamine-labeled goat anti-rabbit immunoglobulin G (IgG) antibody at a 1:100 dilution. The monoclonal antibodies (MAbs) were used at a 1:50 or 1:100 dilution together with FITC-labeled goat anti-mouse IgG. Slides were screened and photographed with a 40ϫ oil immersion objective on a Leitz Dialux 20EB epifluorescence microscope, using Kodak T-Max P3200 or Kodak Technical Pan film and appropriate narrow-band FITC or rhodamine filters.
MAbs and antipeptide PAbs. The following peptides were synthesized at the Johns Hopkins Medical School Peptide Facility and shown to be greater than 90% pure by high-pressure liquid chromatography: IE175(N) (2-EPRPGASTR RPEGRPQRE-19), IE110(N) (3-SENLQRPGSPGPTDGPPPT-21), IE110(C) (762-SGEQGASTRDEGKQ-775), and IE63(N) (21-DEDPPEPAESRRDDLE S-37). In each case, D-Tyr was added to the N terminus and Ser-Cys was added to the C terminus, and the peptides were conjugated to keyhole limpet hemocyanin and used as immunogens in rabbits as described by Pizzorno et al. (59) . The specificity and properties of three of the resulting PAbs, IE175(N), IE110(N), and IE110(C), have been described previously (11, 27, 48) . Mouse 58S anti-IE175 MAb (71) and mouse H1083 anti-IE110 MAb (2) have been described elsewhere.
RESULTS
Colocalization of the wild-type nuclear forms of IE175 and IE110 within the same punctate granules. IE110 on its own behaves as a relatively nonspecific transactivator of reporter genes in transient expression assays, whereas IE175 specifically activates viral DE promoters and down-regulates several other promoters, including its own. However, when the two proteins are expressed together in the same cells, their activities change dramatically (51, 52) and some IE175 redistributes into nuclear punctate granules similar to those containing IE110 (48) . Although those results suggested that the two proteins may interact, they did not directly ascertain whether the redistributed IE175 protein in DNA-transfected cells colocalized within the same punctate structures that contained the IE110 protein.
Therefore, more extensive studies were carried out by using a double-label IFA technique with wild-type effector plasmids added together at equal input DNA ratios. In some experiments, a transfection efficiency of greater than 20% was achieved in Vero cells, with most cells expressing both proteins. Under these circumstances, often 50 to 70% of the positive cells displayed clear evidence for colocalization. Several representative groups of cells after cotransfection of the normally diffuse intact nuclear IE175 (encoded by pXhoI-C), together with intact nuclear IE110 (encoded by pGH92), are shown in the paired photomicrographs in Fig. 1 . The IE110 protein was detected with rhodamine-labeled anti-rabbit IE110(N) PAb (Fig. 1a, c , and e), whereas the IE175 protein was detected with FITC-labeled anti-mouse 58S MAb (Fig. 1b,  d , and f). At least one cell in each of the paired panels proved to be expressing both proteins, with some of the IE175 signal being localizing within exactly the same pattern of nuclear punctate granules that contained IE110 (arrowed). The photographic fields were selected to include examples of cells that expressed only IE175 (Fig. 1b) or only IE110 ( Fig. 1c and e) to demonstrate that there was no significant cross-reaction or spillover between the FITC-labeled and rhodamine-labeled antibodies.
Mapping of the IE110 region required for interaction with IE175. To determine whether the apparent IE110-IE175 interaction observed in cotransfected Vero cells involved a specific recognition process, we needed to determine whether distinct subdomains of each protein were involved. Furthermore, we wanted to know whether a cytoplasmic form of IE110 could keep nuclear IE175 in the cytoplasm or vice versa. Therefore, the wild-type IE175 expression plasmid was cotransfected with each of a battery of 11 deleted or truncated versions of the IE110 gene, and the resulting IE175 distribution was examined with IE175(N) PAb. These mutant proteins give a variety of subcellular localization phenotypes on their own that were described previously (48) . To eliminate any possibility of antibody cross-reaction effects, both IE175 and IE110 were detected in this set of experiments with FITC-conjugated specific antisera on separate slides by single-label procedures. Neither antibody gave any signal with cells receiving the heterologous plasmid alone (Table 1) (48) . Selected representative photomicrographs from these experiments are shown in Fig. 2 and 3 . Semiquantitative results of all combinations tested are listed in Table 1 , and the overall interpretations are summarized in Fig. 4A .
As expected, positive control cotransfection of wild-type nuclear IE175 expressed from either plasmid pXhoI-C or plasmid pGH114, together with wild-type nuclear IE110 expressed from either plasmid pGH92 or plasmid pGH94, yielded evidence for redistribution of some of the normally uniform diffuse IE175 protein into intranuclear punctate granules in many of the IE175-positive cells. A punctate pattern was never seen with IE175 alone in the absence of IE110. On different days, the proportion of IE175-positive nuclei showing evidence for colocalization ranged from 20 to 80%, depending on the transfection efficiency and input ratios of the two effector plasmids and the relative basal strengths of the promoters driving expression of each protein. Once again, the change to a punctate IE110-like distribution dominated over the original IE175 diffuse pattern in cotransfected cells, with little or no effect evident on the punctate distribution of IE110 in the presence of IE175. Note that the interaction was observed routinely in Vero cells, but no such redistribution could be detected in parallel cotransfection experiments carried out in 293 cells.
A similar redistribution of the wild-type diffuse IE175 into a mixed punctate-plus-diffuse pattern occurred when pXhoI-C was cotransfected with IE110(⌬136-177), IE110(⌬106-177), or IE110(⌬399-460), as shown in Fig. 2b to d. All seven internally deleted nuclear forms of IE110 tested, including those lacking portions of the zinc finger domain, proved capable of moving some of the IE175 product into nuclear punctate granules overlaying a nuclear diffuse background (Fig. 4A ). In contrast, none of the C-terminal truncated forms of IE110 except IE110(tm767) showed any evidence for an interaction with wild-type IE175. The negative results were most convincing for IE110(tm713), which gives numerous crisply defined micropunctate granules on its own (48) , but the results were somewhat ambiguous for the other three versions, which are all expressed at lower efficiency and produce mixtures of diffuse and diffuse-plus-punctate phenotypes on their own (48) ( Table  1) .
Cotransfection with a deleted version of IE110(⌬365-517) that gave predominantly cytoplasmic punctate products (Fig.  3a) resulted in a portion of the wild-type IE175 protein being retained both in a cytoplasmic punctate location as well as in a typical nuclear diffuse pattern (Fig. 3c) . Therefore, we conclude that cytoplasmic IE110 dominates over nuclear IE175 and that a portion of the IE110 protein that is necessary for bringing IE175 into the punctate domains lies beyond or across codon 712 but does not extend farther N-terminal than position 518 (Fig. 4A) .
Mapping of the IE175 domain involved in IE110 interactions. The reciprocal single-label IFA cotransfection experiments with IE110 and deleted versions of IE175 were also carried out. Cotransfection of wild-type nuclear IE110 with deleted but still nuclear diffuse forms of IE175, such as IE175(⌬524-574) and IE175(tm1029), resulted in the typical redistribution into a nuclear punctate pattern for some of the IE175(N) PAb-detectable products (Table 1) . Similarly, cotransfection of wild-type nuclear IE110 with cytoplasmic IE175(⌬355-833) produced compelling evidence for IE110-dominated interactions. Although the background IE175 pattern was cytoplasmic diffuse rather than nuclear diffuse, many of the cells that expressed both proteins displayed an additional IFA signal with the IE175(N) PAb in typical IE110-like nuclear punctate granules ( Fig. 2e and f) . In contrast, cotransfection of wild-type IE110 with nuclear IE175(tm833) yielded only the normal IE175 nuclear diffuse pattern without any hint of an interaction with IE110 (Table 1) . These cotransfected cultures also revealed only the normal nuclear punctate patterns when observed with the IE110(N) PAb. Therefore, since IE175(tm1029) interacted with IE110 but IE175(tm833) failed to do so, we conclude that at least part of the IE175 domain involved maps between codons 834 and 1029 and that no segments from IE175 mapping between 355 and 833 or beyond 1029 are required (summarized in the upper section of Fig.  4B ).
Essentially the same pattern of colocalization was obtained when pMM63 expressing cytoplasmic IE110(⌬365-517) was substituted for pGH92, with both the IE110 and IE175 antibodies detecting cytoplasmic punctate granules irrespective of whether IE175 itself was nuclear or cytoplasmic (Table 1 ; Fig.  4B ). In all cases except IE175(tm833), the IE175 pattern included cytoplasmic punctate patterns. As expected, many of the IE175 products also displayed a background diffuse nuclear fluorescence and the cytoplasmic form of IE175 gave an exclusively cytoplasmic localization with a mixed punctate and diffuse pattern (Fig. 3d) . Interestingly, no cells containing predominantly nuclear punctate patterns were observed when nuclear forms of IE175 were cotransfected with cytoplasmic IE110, showing the apparent inability of nuclear IE175 to bring cytoplasmic IE110 into the nucleus. [The small amount of IFA signal detected over the nuclear region of some cells is normal for IE110(⌬364-518) itself and may represent cytoplasm from above or below the nucleus.] This result again emphasized the dominance of the punctate phenotype, although differences in the properties of the IE110 nuclear localization signal compared with those of the IE175 nuclear localization signal might also be relevant. Confirmation of colocalization by double-label IFA with cotransfected deleted forms of IE110 and IE175. Although all of the interaction mapping results presented in Table 1 and Fig. 4 were derived from single-label IFA cotransfection experiments, we also used both phase-contrast microscopy and double-label IFA to obtain direct evidence confirming that the IE175 redistribution patterns observed represented colocalization into the same punctate structures that contained IE110.
We have previously shown that the wild-type IE110 nuclear punctate IFA pattern generated by DNA transfection corresponds precisely to novel phase-dense globules that appear only within the IFA-positive nuclei and can be detected directly by phase-contrast microscopy ( Fig. 8 and 9 in reference 48). The cytoplasmic form of IE110(⌬364-517) also showed colocalization of most of the IFA-detectable punctate signals with large phase-dense globules in the cytoplasm (not shown). Similarly, in cotransfection experiments, wild-type nuclear IE175 from pXhoI-C was found to precisely colocalize with nuclear IE110(⌬313-363) phase-dense punctate granules ( Fig.  5a and b) . Furthermore, some FITC-labeled cytoplasmic IE175(⌬355-833) from pGH115 colocalized with phase-dense IE110 nuclear punctate granules from cotransfected pGH92 ( Fig. 5c and d) , and some FITC-labeled nuclear IE175 from pGH114 colocalized with cytoplasmic IE110(⌬365-517) from pMM63, whether the latter was detected by rhodamine-labeled anti-IE110 antibody (Fig. 3e and f) or by phase-contrast microscopy ( Fig. 5e and f) . Finally, FITC-labeled cytoplasmic diffuse IE175(⌬355-833) from pGH115 was sometimes found to redistribute into a large cytoplasmic structure composed of numerous small punctate granules as well as into individual 
a All experiments reported were carried out in Vero cells. ND, nuclear uniform diffuse; CD, cytoplasmic uniform diffuse; NP, nuclear punctate granules; CP, cytoplasmic punctate granules. ϩϩϩϩ, 85 to 100% of the IFA-positive cells; ϩϩϩ, 60 to 85%; ϩϩ, 35 to 60%, ϩ, 10 to 35%; ϩ/Ϫ, 2 to 10%; Ϫ, less than 2%. In most cases, 100 to 200 positive coexpressing cells were scored. However, for tm312, tm364, and tm519, the number was usually approximately 20. All combinations were repeated at least three times.
b All results with pXhoI-C were also confirmed with 58S IE175(C) MAb.
larger cytoplasmic punctate granules, which all contained IE110(⌬365-517) as judged by double-label rhodamine anti-IE110 antibody detection ( Fig. 3g and h ).
Further evaluation of the negative-interaction phenotype of IE175(tm835). One of our goals from the mapping studies was to find a version of IE175 that would not interact with IE110 and thus provide further evidence against the idea that the phenomenon might merely involve some form of nonspecific trapping within the punctate granules. IE175(tm833) proved to be such a reagent. To document this observation and to complement the double-label IFA approach used for Fig. 1 , we chose to compare the results of cotransfecting two C-terminal truncated forms of nuclear IE175 with cytoplasmic IE110 in assays in which the IE110 punctate granules were detected by phase-contrast microscopy.
The very different results with IE175(tm835) and IE175(tm1029) are compared in Fig. 6A and B. With IE175 (tm1029), some of the anti-IE175 FITC label coincided with large phase-dense IE110(⌬365-517) cytoplasmic granules in more than 90% of the coexpressing cells (Fig. 6A) . In contrast, with IE175(tm835), less than 1% of the coexpressing cells were found to have anti-IE175 FITC label that colocalized with the phase-dense IE110(⌬365-517) punctate granules formed in the same cells (Fig. 6B, panels c to j) . In fact, in some cells in which a portion of the IE175(tm835) protein remained cytoplasmic, the IFA signal was excluded from punctate granules, which showed as ''holes'' in the cytoplasmic IFA-positive background (Fig. 6B, panels b, h, and j) . Intriguingly, the level of interaction between intact wild-type nuclear IE175 and cytoplasmic IE110 in parallel experiments was not as high as with the IE175(tm1029) truncated variant. Up to 50% of the cells that were positive for coexpression of both proteins failed to show any evidence for interactions with wild-type nuclear IE175, suggesting that the extra C-terminal domain from codons 1030 to 1298 may provide a masking or blocking effect. This phenomenon is seen in the photographs presented in punctate granules, whereas the other three cells, including one cell that clearly reveals the IE110 punctate granules as holes in a cytoplasmic IFA background, do not show any effect. The results with IE175(tm835) and wild-type nuclear IE110 were essentially the same, with many nuclear punctate bodies appearing to show exclusion of the FITC label in coexpressing cells (not shown). Redistribution of nuclear IE63 in the presence of cotransfected IE110. Although HSV IE63 has little direct effect on its own as a transactivator of HSV DE target CAT reporter genes (51) , it has been shown to boost the levels of transactivation by IE175 and IE110 when all three effector genes are transfected together (18) . To examine whether this result might also correlate with potential protein-protein interactions, we prepared a rabbit antipeptide PAb against the N terminus of HSV-1 IE63 and examined the intracellular localization of IE63 expressed from IE63 effector plasmids. Both a wild-type intact IE63(1-512) in pJM200 and a truncated version containing an inserted triple terminator at the StuI site at codon 406 in pJM206 were tested after transient DNA transfection into Vero and 293 cells. IE63(1-512) displayed a diffuse and partly speckled pattern that was much less sharply defined than that of IE175 and was not confined exclusively to the nucleus (not shown). In contrast, IE63(1-406) gave a crisp sharply defined nuclear diffuse IFA pattern with sparing of the nucleoli (Fig.  7a) , although it was still somewhat less uniform than the pattern obtained with IE175. The IE63(N) PAb was found to be specific in that it failed to detect IE110 or IE175 in similar IFA experiments, and correspondingly, neither the IE63 (1-572) nor the IE63(1-406) protein was detected with any of our anti-IE110 or anti-IE175 antisera (not shown).
Both IE63 gene products were expressed with relatively low efficiency on their own in Vero cells, but the numbers of positive cells were enhanced 10-to 20-fold in the presence of wild-type IE110. Surprisingly, cotransfection of IE63(1-406) together with intact nuclear IE110 in Vero cells led to a redistribution of some of the IE63 protein into a nuclear punctate pattern in 20 to 30% of the positive cells ( Fig. 7b and  c) . Again, this pattern closely resembled that expected for the coexpressed IE110 protein and corresponded precisely with that of the phase-dense granules present within the same cells (not shown). Some wild-type IE63 also colocalized into punctate structures (not shown), but this occurred at lower efficiency than with the truncation mutant, and the resulting IFA pattern was indistinct. Cotransfection of nuclear IE63(1-406) with cytoplasmic IE110(⌬365-517) also produced evidence for interactions, with a portion of the product that was detected with the FITC-labeled anti-IE63(N) PAb now being redistributed as cytoplasmic punctate granules (Fig. 7d to f) . Once again, these types of interactions were observed only in Vero cells, not in cotransfected 293 cells.
Colocalization of IE63 with nuclear IE110 as detected by double-label IFA. To discriminate between the IE110 and IE63 proteins in double-label IFA experiments, we used FITClabeled H1083 anti-IE110 mouse MAb and rhodamine-labeled rabbit anti-IE63 PAb. Representative groups of cotransfected cells were photographed with an FITC filter for IE110 expression (Fig. 8a, c , e, and g) and with a rhodamine filter for IE63 expression (Fig. 8b, d, f, and h) . Several of the fields show that cells expressing IE110 only were barely detectable with the rhodamine-labeled antibodies and that cells expressing IE63 only were not detectable with the FITC-labeled antibodies. However, all four paired panels include dual-expressing cells in which a major portion of the IE63 protein colocalizes with the same nuclear punctate granules that contain IE110. This type of intracellular distribution was never seen in cells expressing either form of IE63 alone, whether singly transfected or cotransfected, and it occurred independently of whatever combination of antibodies was used. We conclude that, like IE175, the HSV IE63 protein is capable of forming some kind of interactive complex with cotransfected IE110 in which the punctate characteristics and the IE110 intracellular distribution pattern dominate. The much clearer results with IE63(1-406) than with IE63(1-512) indicated that the C terminus is not required for this effect and that truncation at that point presumably eliminates additional protein-protein interactions associated with the adjacent Cys-rich domain. In subsequent experiments with additional truncation mutants, we have confirmed the observations of Zhu et al. (82) 
DISCUSSION
Specificity and dominance of colocalization interactions. Our initial objectives in this study were simply (i) to exploit the punctate feature as an excellent marker for mapping potential interaction domains and (ii) to examine the intracellular interactions of IE110 and IE175 under the conditions used in DNA transfection experiments. However, these observations take on added significance with recent increasing evidence that wild-type as well as mutant forms of IE110 also accumulate in punctate structures at early times in infected cells and that the IE110 punctate characteristic correlates with preexisting intracellular structures (4, 36, 37) .
The results presented here (summarized in Fig. 9 ) confirm and extend our previous initial observations that the presence of the IE110 protein appeared to influence the intranuclear localization of IE175 in cotransfected cells (48) . Several specific conclusions can be drawn. First, a significant portion of the coexpressed IE175 protein colocalizes in the same discrete punctate structures that contain IE110. Second, the redistribution can transcend the normal compartmentalization of IE175 such that nuclear forms of IE175 colocalize with cytoplasmic IE110 and a cytoplasmic form of IE175 colocalizes with nuclear forms of IE110. Third, the IE110 phenotype appears to be dominant in all cases, such that it is IE175 that redistributes into the IE110 punctate structures wherever they are localized, whereas (under our conditions at least) the reverse pattern with the distribution of IE110 being influenced by IE175 was rarely observed. Fourth, the ability to map defined domains within each protein that are necessary for colocalization implies that some form of targeting involving protein-protein interactions must be occurring.
The specific exclusion from punctate granules of a nuclear form of IE175 that was truncated at codon 834 further emphasizes both the specificity of the interaction and the reality of the punctate domains as discrete structural entities in the cell. The latter point was already evident from the fact that many of the positive cells in transient transfection assays represent recently divided pairs in which both daughters nearly always show exactly the same (almost mirror image) patterns in terms of number, size, shape, and distribution of punctate structures. The apparent partial masking activity of the extreme C terminus of IE175 (codons 1030 to 1298) indicates that interactions between IE175 and IE110 and the localization within the punctate granules are probably both conditional characteristics that can be influenced by the cellular microenvironment and by other protein-protein contacts.
Rather surprisingly, a truncated nuclear form of the IE63 protein also proved to participate in the same type of IE110 dominated colocalization phenomenon in cotransfected cells. Although we have not yet mapped the necessary domain in IE63 (other than to the first 406 amino acids), preliminary experiments indicate that the same C-terminal region of IE110 is necessary for both the IE63 and IE175 colocalization effects.
It was difficult to demonstrate this effect directly with intact IE63, because the C terminus encodes a domain that alters the Table 1 ). N, nuclear; C, cytoplasmic; N/C, mixed nuclear and cytoplasmic; D, diffuse; P, punctate; MP, micropunctate.
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IE63 intracellular pattern and prevents IE110 entry into the nucleus in both infected and cotransfected cells (80a, 82) . Nature of punctate domain targeting. The simplest explanation for these findings, and one that would be compatible with the observations of apparent synergy or altered specificity when combinations of these proteins are cotransfected in transient expression assays, would be that IE110 forms specific and direct protein-protein contacts with both IE175 and IE63. Plausible alternative explanations would involve either indirect interactions through cellular bridging proteins or independent targeting of all three proteins to specialized punctate intracellular domains. Obviously IE175 and IE63, in contrast to IE110, do not display direct targeting to punctate domains in the absence of IE110, but one could argue that IE110 modifies the intracellular punctate domains in a way that makes them accessible to both IE175 and IE110 (and perhaps other viral or cellular proteins as well). Indeed, Maul et al. (36, 37) have presented evidence that, in infected cells, IE110 itself localizes transiently to preexisting nuclear punctate structures (ND10, nuclear dot domains, or PODs) that contain several specific cellular antigens exemplified by proteins recognized by the ND10 antibodies, SP100, and the PML proto-oncogene product (4, 74, 80) . Curiously, one consequence of IE110 entering these domains is the subsequent loss of the ND10 antigens and PML from the punctate domains (36, 37) . We have recently observed similar effects with PML and SP100 in both infected and IE110-transfected Vero cells (10a). In particular, in DNAtransfected Vero cells, colocalization of IE110 with SP100 nuclear dots occurred only at low levels of IE110 expression with certain deletion mutants, whereas high-level expression again led to masking or redistribution of both the PML and SP100 nuclear dots.
Interestingly, a characteristic translocation in promyelocytic leukemia cells fuses part of the coding region for the cellular pml gene to a retinoic acid receptor gene, leading to an inability of the resulting PML-retinoic acid receptor ␣-chain protein to enter the punctate bodies (16, 77) . Treatment with retinoic acid restores both the localization of PML into punctate bodies and the ability of these myeloid cells to differentiate.
Note that IE175 eventually targets to intranuclear replication compartments containing cellular and viral replication proteins after infection (31, 78) , which raises the intriguing possibility that the punctate IE110/ND10 bodies may be precursors to the viral prereplication punctate loci that contain ICP8 (single-stranded-DNA-binding protein) (13) and later to the larger viral DNA replication factory compartments (that contain p53, the retinoblastoma protein, and viral DNA polymerase, etc., as well [78] ).
Protein domains required for colocalization. Our ability to map the colocalization function to relatively narrow wellconserved domains near the C termini of both proteins supports a model whereby IE175 and IE110 may physically interact within the punctate subnuclear compartments. If this represents a direct interaction, native dimeric IE110 proteins may bind to native dimeric IE175 proteins to form heterotetramers or higher-order structures. However, we do not envisage that single subunits of IE175 bind to subunits of IE110 to form simple heterodimers. Curiously, in contrast to the IE110-IE110 homodimerization interaction observed by IFA in cotransfected cells (11) , which occurs just as efficiently in 293 and HeLa cells as in Vero cells, we have been unable to convincingly demonstrate either IE110-IE175 or IE110-IE63 interactions by IFA in cotransfected 293 cells. Note that IE110 itself forms typical punctate granules in all cell lines that we have tested, including Vero, 293, HeLa, BALB/3T3, HF, and Cos, although the patterns and shapes of the granules vary among different host cell types. This result raises the possibility that the hetero-oligomeric interactions require either additional cellular bridging proteins or particular phosphorylation states that are cell type and/or cell cycle specific. An alternative explanation may be that the interactions still occur, but that the punctate characteristic fails to dominate over nonpunctate characteristics in 293 cells. Indeed, Gelman and Silverstein (25) suggested that when IE110 and IE175 were cotransfected into HeLa cells, the IE110 punctate distribution changed to one that resembled the diffuse IE175 pattern. Meredith et al. (44) have recently described a 135-kDa cellular protein from BHK cells that binds to the C-terminal regions of IE110 in immune precipitation experiments. This protein could be capable of either bridging or blocking the IE110-IE175 interaction.
The domain of IE110 that we found to be necessary for redirecting IE175 into punctate structures is clearly different from the minimal transferable N-terminal domain that targets IE110 itself to the punctate compartments (48) . Therefore, it appears logical to implicate IE110 as a direct intermediate for bringing IE175 and IE63 into the punctate structures either in association with or as a result of its reorganization of the ND10 antigens. Note that the C terminus of IE110 clearly also plays some role in proper punctate granule targeting or re-formation (36, 48) , and it will be interesting to determine whether the C-terminal interactions can be detected in the absence of the N-terminal punctate domain of IE110. Both regions also overlap with the dimerization domain of IE110 (11), but in more recent studies, we have been able to separate the requirements for dimerization from both of these other properties (10a). Unlike the IE110-IE110 self-interactions, we have not been able to obtain convincing evidence for direct IE175-IE110 interactions with in vitro-cotranslated forms of the two proteins by using immunoprecipitation procedures (11) . On the other hand, both far-Western blotting and affinity matrix binding experiments using glutathione S-transferase (GST)-agarose beads and bacterial expressed GST-IE110(518-775), together with the in vitro-translated 35 S-labeled IE175(835-1298) C terminus, have revealed weak binding between the C-terminal domains of the two proteins (10a). Furthermore, these effects appeared to be specific in that they did not occur with GST, bovine serum albumin, or human cytomegalovirus IE1 or other control proteins, were unaffected by the presence of ethidium bromide, and did not occur with unprogrammed lysate control probes. However, the affinity of these interactions is at least 10-fold lower than for IE110 C-terminus self-interactions, and similar experiments with other in vitrolabeled transcription factor protein probes (including TATAbinding protein, retinoblastoma protein, YY1, and p53) showed that they also bound weakly to the C terminus of IE110 in these assays (80a) . The nature and specificity of these types of in vitro interactions are currently under further investigation. The IE110 interaction domain within the C-terminal onethird of IE175 corresponds to a portion of the conserved region D of IE175, whose function is unknown as yet. Although it has been stated that region D is not required for transactivation of viral DE promoters in transient expression assays (17) , that is not the case in our hands; we found that IE175(tm353), IE175(tm835), and IE175(tm1029) were reduced between 10-and 30-fold in transactivation efficiency on a TK-CAT target in Vero cells (27) . Cai and colleagues (7, 8) also reported major effects of the C terminus of IE175 in transactivation studies. Several temperature-sensitive mutants that map in the C-terminal region D of IE175 are known to demonstrate deficiencies at late stages of the lytic cycle, which contrasts with predominant effects at early times for mutations in the region B DNA-binding domain (14, 19) .
Functional consequences of IE175 and IE110 interactions. An interesting observation obtained from our earliest Vero cell transient cotransfection CAT assays with both IE175 and IE110 appears particularly relevant here. IE175 alone specifically activated the DE RRB (38 kDa) and TK promoters but not the IE175 or IE110 promoter or the minimal heterologous simian virus 40 promoter (in A10-CAT), whereas IE110 on its VOL. 69, 1995 IE110, IE175, AND IE63 COLOCALIZATION INTERACTIONSown nonspecifically activated all five promoters (54) . However, when the IE175 and IE110 genes were introduced together on the same large plasmid (pGR90) or cotransfected, the results were equivalent to those obtained for IE175 alone in that they gave strong specific activation of the viral RRB and TK promoters but had no effects on either the IE110 or heterologous promoter (51, 52, 70a) . Furthermore, IE175-CAT was neither up-regulated nor down-regulated. The overall effect in transient Vero cell cotransfection assays (which were carried out under conditions almost identical to those used for the IFA colocalization experiments described here) was that in the presence of IE175, the nonspecific activator properties of IE110 alone were masked and virus DE promoter target specificity was imposed.
Other groups, using HeLa cells especially, found that IE175 and IE110 expressed at low levels also acted synergistically on several viral promoters in circumstances in which neither was very effective alone. Furthermore, in the mapping experiments of Everett (20) , insertions or deletions in HSV-1 IE110 region IV had little or no effect on transactivation levels obtained in the absence of IE175 but had considerable effects in the presence of IE175. In both situations, the intact zinc finger region II domain was also critically important. Bachenheimer and Elshiekh (5) target reporter gene can be transactivated by IE175 alone in transient transfection assays after virus superinfection. However, an integrated nucleosome-associated copy of the E2-CAT target gene cannot be activated unless both IE175 and IE110 are present during HSV superinfection. All of these observations, together with our colocalization data, point toward direct or indirect interactions between IE175 and IE110 proteins in which the properties and target specificity of each may be modified or enhanced by the other. Whether this is more relevant for efficient gene expression during lytic cycle infection or for the mechanism of IE110 induction of reactivated gene expression from nucleosome-covered latent genomes in sensory ganglia (in the absence of VP16) remains to be determined.
It is important to emphasize that the colocalization events that we have described probably represent only one of several different levels at which the IE proteins of HSV influence one another. For example, Su and Knipe (75) (60) have also argued that the functional activity of the fourth HSV IE nuclear antigen, IE68 (or ICP22), is modified by phosphorylation with the virus-encoded UL13 protein kinase. Finally, Phelan et al. (58) have shown that HSV infection redistributes components of the cellular small nuclear RNA splicing machinery from speckled nuclear structures into punctate bodies that contain the IE63 protein. This process is dependent upon the IE63 protein and can be partially reproduced in DNAtransfected cells with the intact IE63 gene. We do not know as yet whether there is any connection between the IE110/ND10/ PML punctate nuclear domains, viral punctate spliceosome structures, and viral nuclear prereplication sites (13) .
Obviously, it is now becoming evident that perhaps all of the HSV IE proteins can influence each other's intracellular localization during virus infection in complicated ways that may include both direct physical interactions or colocalization with cellular proteins as well as indirect interactions involving phosphorylation events or other modifications. Therefore, we anticipate that DNA transfection will continue to offer a necessary and valuable complementary approach to virus mutant studies in attempting to dissect out all of these effects.
